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ABSTRACT

Thea West inghouse Flectric Corporation has
ccmpleted designs of three pulsed power cryogenic
transformers for the Los Alamos Nationsl Laborator-y.
These transformers will be configured to transfer
their stored energy sequentislly to sn electro-
magnetic launcher and form 2 three-stagea power
supply. The pulee transformars will tct as two
winding energy storage solenoids which nrovide a high
current and energy pulse compression by transforming
a8 50 kA power rupply Into a magamp level power supply
wore appropriaste for the electromagnetic lsuncher
duty. This system differs fiom more traditional
transformer applicstions {n that significant current
levels do not exist simultanecusly in the two
windings of the pulse transformer. This paper
describes the des.yns of the pulsed power cryogenic
transformers.

INTRODUCTION

The configuration of the launcher system
deteinines the d!(ection and magnitude of the zurrent
flow within the transformer windings and therefore
af{acts the magnitude and directions of coll forces.
The electromagnetic launcher system confliguraticn {s
a multi-staged variant of the single stage system
shown in Figure 1. ‘The pulse transformers will acl
88 two winding energy sturage solenoids whicn provide
energy pulse compresaion while transforming a high
voltage, low current power supply into a lower
voliage, hijher current supply more appropriate fnr
the .lectromagnetic launcher duty. The thres
traneformers vwill be configured to tranefer their
stored energy sequentially to the rail gun end form a
three-stage powar supply with each stage of the
supply essentislly squivalent to the systam shown i(n
Figure 1. This aystem diffars from more traditional
transformer applicacions In that eignificant current
levels do not simuiltaneounly exist i the two
windinges of the pulse tranaformerc. Thereiors, all
lorces act in the outward radial direction and &
mechanical design bawed on the contalnmen. of outward
radial forces and maintaining axial coil rompressinn
la appropriate. '

DESIGN CONCEP]

The design paramaters are given in Table l.l The
transformer designs make meximum use of proven design
and manufactuiing technology which tasulte in a
tugged, highly relisble trunaformer cystem for the
electromagnetic lasuncher. The desigu concept {1 two-
lavet, air core, solenoid type pulae transformern.
Cooling will be accomplished through pool boiling in
l11quid nitrogen bath, with heat tranefe: eurfaces
sided to sccommodate the requirsd repetition rate.
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Figure 1'— [ML systen configurstion for a single
stage of a J-stage power cupply.

Coi]l geometries are designed to prevent excessive
tempersture rise and thermal stresses resulting from
the proposed duty cycle.

The tranaformer secondary winding is produced bhy
machining stepped slots through an appropriately
sined copper cylinder for Tiansformar 1 and flat
banding {nsulsated conductor for Transformers 2 and 3}
Turn {nsulation on the secondary windings ie provided
by the wepatation distance in the liquid nitrogen .
the machined coll and Kapton wrap for the wound
secondaries. Distance between secondary turns of
Trensf{ormer | will be waintained with G10 spacers
which aupply compressive atrength in the axial dire.
tion of the transformer seccndary winding. Axial any
cylindrical support of the secondary will be provided
by interlocking axial bars and circular plates which
ste rigldly atvached to the se._ndary winding.

The outer ciicumference of the transforme:
svcondary windings, whether machined or flat wound,
are wrapped with overlapping layers of Kapton (il
to form the {nmaulation layer between the 200 kY
ptimary and the 10 kV snecondaty winding (o

tranafoimer | and 140 kV primaty and the 10 hY

secondaty for viansformerw / snd 3. An applicat fon
of epoxy-impregnated glaan cloth in applied over tin
Kapton layern to protect the {nsulation from pousihis

punctute o1 damage duilng aswmnembly ol the traneforie



Table 1

Transformer Parameters

.
Transformer T.ansformer
No. ! Nos. 2 & 3
Primary Winding
Height, cm 21) 152
Radius sverage, cm 125 75
Number turns 120 109
Peak current, kA 50 50
Peak voltage across coil, kV 220 140
Peak voltage betwsen
primary and secondary, kV 110 80
Charge time, s 3 3
Energy storsge, MJ 33.5 14,4
Inductance, mH ’ 26.5 11.5
Secondary Winding
Height, cm 213 152
Radius average, cm 119.13 69.23
Gap between primary 1.0 1.0
snd secondary, co
Number turtns 6 16
Peak current, MA 0.950 0.314
Peak voltage across coil, kV 10 10
Inductance, wH 0.062 0.222
Coupling coefficient between
primary and secondary 0.93 0.923
Mutus] inductance betwesn
primary and secondary, mH 1.22 1.43
Conductor
Primary winding edge wound,
cm (OFHC copper) 1.71%7.2 1.33%7.0

Secondary winding, cm 2.54 thick 2.54 thick

primary winding ard to provide a machinable surface
for mounting the primary winding.

The primary windings of the transformers are
produced by edge bending appropriately sized OFHC
copper conductor. The primary winding conductor
segments are joined using brazed joints to form a
cont inuous conductor. The edge bent conductor is
insulated wirh o Kapton end Nomex wrap and then »
layer of epoxy loaded glass tape is applied to
protect the insulation. The primaries are lined with
a bore liner consisting of epoxy glass cloth. The
bore liner is provided to sllow machining of the
pfimary bores to the sppropriate tolerances. The
ptimary winding, after bore machining, will be hested
to increase its diameter and then placed over the
prepared secondary winding to schieve a shrink fit.
This will ersure mechanical integrity during all
portions of the duty cycle. Final assembly which
provides axial) aupport and compression to the wuund
transformer will then be completed. The design
concept for Transformer No. | is shown {n Figute 2.
The concept for Transformss 2 and 3 {s aimilar
except the secondaries use flat wound conductorn.

JNSULATION SYSTEM
The primary conductor insulation {as a Kapton tape

bssed ayniem with a Nomex and thean an epoxy loaded
glass tape overviap for protection and coil bonding.
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Figure 2 — Design concept fot Transformur No. |.

The insulation between the primary and secondary
windings consists of & wulti-wrap of Kapton shests
covered with an epoxy glass build-up for piotection
#-~14 to provide a machinable surfece for shrink fit o
tone primary winding. Trensformer No. | has bare
conductots on the secondary ich will be insulated
by the diquid nitrogen bath. The secondaries of
Transformers 2 and 3 are insulated with Kapton, Nome«
and epoxy giass tape using a systew similar to that
of the prisary winding insulation.

The primary insulstion cogsists of two half
lapped layere of 2 mil Kspton™ tape and one half
lapped layer of 2 mi: Nomex &nd an over wrap of but:
lapped B-staged efoxy loaded gless tape.

he layer {nsulation between the primary and
secondary windings coneists of &5 loyers of 2 mil
thick Kepton. The upace betwesn priwsry and
secondary windinge is only | ca (to provide the
maximum possible coupling betwenn primary ana
secondary windings for maximum uwnerg: transfer fiuon
primary to mecondary), which {s not enough for
partial discharge free multilayer insulativa in
1{quid nitrogen. In order to limit the energy
dissipated during partisl discharges (therefore,
limiting the insulation degraderjuy) the Kapto ahe
thickness was limited to 2 mjla. ' Furthermore, o
multilayer fnsulation which wi 1 ba partial dischar,.
free will npt only requite much nmote space (260 mil.
for 100 kV) than is avajlable fcot insulation, but
will alnm be too mushy and will be wtructurally
unacceptabie. The useful Jite of this insulatjon ..
estimated to by about 25,000 cycles which in five
times the apecitied lite ot te device. To watepuwtn
againet creepage, the Kapton ‘s extended 10 cm pant
the winding on each end.  Thin provides a creepape



path in excess of 20 em in Jliquid nitrogen for s peak
voltage of 100 kV.

TRANSFURMER LEADS

The leads of the LANL transformer operste at high
voltage and connect the liquid nitrogen temperature
windings to the room temperature bus conductors.
Environmental and high voltage considerstions provide
the major design constraints: ao condensation on the
leads at & humidity condition of 1/2 degree
Centigrade dew point depression and a low clearance
above the dewor 2id. Because of the low cost of
liquid nictrogen and because uncooled leads have the
smallest room tempersture heat absorption, uncooled
leads were selected. The lead current density was
selected, not bused upor. ohmic heating considerations
as is waval, but upon system resistance and ad: sbatic
temperature rise during a current pulse.

The warm end heat leak wes cowputed by s finite
difference type computer piogram that has been
experimentally verified by test dats scquired within
the Westinghouse RED Center and from outside labora-
tories. The program accurately sccounts for
temperature deperdent materisl properties, end
conditions and the heavy electrical/thermal o
insulstion around the leads. This heat load
contributes directly to the liquid nitrogen boil-off
rate and is the haat absorbed by the lead at the warm
end.

The warm end heat absorption can produce a
significent temperature depression at the warm end of
the lead which can cause condensation and voltage
breakdown of the insuiation. Techniquas such as
thermally {nsulating, infrared heasting. dry gas
shielding, and direct and induced heating can be used
to prevent warm end lead condensation. The tight
geometric constraints above the dewar precluded all
but active methodn. The secondary leads are heate
by s high temperature natural convection/radiacion
stove and are also dry gas shielded by uting nitrogen
boil-off gas inside the stove. Indirect heating
allowed proper arc strike distances 'o be maintained
at the warm end of the secondary leads.

The primary leads are fabricated from copper
tubas and the tubes are adapted into a compact heat
exchanger that receives heated ajr from a small
centrifugal blower through a non-metallic tube with a
suitable voltage stand-off length. Both systems are
manually controlled with temperature limit controls
and are designed to be fail-sare.

STRUCTURAL DESIGN

As with any high power, high voltage electrical
equipmen, the fundamental objectives in the
transformers’ structural design were to safaly
withstand all of the operating forces and to minimize
relative motion between conductors, insulstion, and
structure, The major forces of concern are: the
magnetic forces on all conductors, and thermal forces
due to shrink fit asssembly and differentisl thermal
contract ion on cooldown to 717°K.

The magnetic for.e distribution celculated by Los
Alamos for the Transformer primary windings are shown
in Figure 3. The radis]l force is directed outward,
and the axial force is directed toward the midplane.
The wmagnetic force distribution ie similar to this in
all of the windings, with tho forces being slightly
lower {n the secordaries because of the less than
unity coupling. As noted previously, significant
currents do not occur simultonsously in both the

LB/IN perimeter/IN axial length

primary and secondary windings. This was taken
advantage by allowing hoop tension in the primary
windings (which have greater relative radial depth)
to support the radial forces in both windings. The
resulting hoop stress distributiyns, along with the
axisl pressure distributions, are shown in Figure 4.
For well-defined forces and stresses such as these,
the peak stress is safely bglow the typical 77°K
yield strength of 10-12 ksi and well below the 15
ksi roow temperature tyrcshold for cyclic creep under
repestec tensile loads for annealed OFHC copper.
However, since the yield strength is defined as the
stress which produces 0.22 plastic strain, and the
elastic limit is approximstelv one-helf the yield
strength in copper, some plastic strain (less than
0.21) is expected on Transformer No. 1 during the
first few cycles (disregarding any hardening effect
of the winding strain). The amount of interierence
fit to keep the primaries and secondaries in positive
structural contact was set to allow for this plastic
expansion during the first few cycles, along with the
normal elastic and thermal expansion.
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Figure )} — Magnetic force distribution for primary
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The axial magnetic forces are also allowed to
sccumilate directly in the windings. In order to
minimize relative axial motion betwesr the windings,
they are pre-loaded sxially betwsen G-10CR clamping
plate sectors tied togethar with inaulated aluminum
studs along the outside and inside diamaters of the
senembled primary and secondary windings. The pre-
load was set to the averages axlsl wmagnetic pressurs
over the length of the windinge, so that the overall
length would not change during an operating pulse
cycle.

The co.il lesads are the other current carrying
members subject to magneric forces. The high current
sacondary lead bus bars are subject to thy highest
forces. In this case tha forces are the repulsive
torces betwsen the plus si.d minus leads because they
are closely spaced for inductance reasons, and the
current {s st the magamp level. These forces are
withstood by strong-backs of G-10CR along the outer
faces of the bus bars, tied together with stainless
steel studs along the edges of the bus bars. Thae
significant magnetic forces on the lower current,
more widely spaced, primary leads are due to ths main
winding magnetic fields. These forces are low enough
to be reasonably accommodated by suitsbly sizing the
tubular leads for the .ongest unsupported span (from
the vop of the transformer to the penetiation through
the dewar lid).

The primary thermal forces 7f concern are those
resulting from the thermal shrink fit of the primary
end secondary windings with interference, and the
differentis]l thermal contraction betwsen the copper
windings and the G-10 support cage on cooldown to
77°K. Both c¢f these affacts result in radlally
inward forces rn the support cages {nside the
secondaries, The cages are made by boltiang G-10 bars
into fiat bottom eslots milled in the OD of G-10
circular plates, then machining the OD of these axisl
bars to the proper dismater for the respective
secondary windings. This construction is well-guitaed
for the above force pattern because all of the forces
ars transmitted by compressicn batween mating flat
surfaces. The resulting atresses in the support
cages are wall below the strength of G-10,
fundamentally because the elastic modulus of G-10 s
mich lower than that of the copper windinga.

Another tharmal structuisl concern is the
contio-t,on of the transformer upon cooldewn,
relative to the ambient temparature dewar lid from
which it hangs. This s accommodated {in the supports
by uaing & pin and clevis sttachment at both ends of
tha eupport bars, with the pin axis tangential to the
transforwer circumference. In the lead bus bars, it
is accommodated by orienting the thin dimansion of
tae bars for manisum radia; flexibility. 1In the
Lushing type leads it ia acLcommodated by using an O-
ring gland seal with increased gland clearance on
either side of the O-ring to allow the bushing to
pivor more freuly ar the dewar 1lid penetrctation,

SUMHARY

Desipn of the cryogenic tisnsformars has posed
sevearal severe tequiremants. The llwitad {nsulation
space betwean primary and secondary stretcheo the
frsuletfor nysten to {ts limit. Tho transformer lead
design overcomes the wajor lead design constiaintat
high voltrge operation and no condanactfonr on the
laads at o humidity cendition of 1/2°0 dew ol
depivesion and & low clearance above the dewa) 1id.
The whrink fi  asseawbly concept allows ua 10 minimice
the gap betwesn Lthe primary and the secondary which

resulrs in the maximum possible coupling coeflllcien
between primary and secondary.
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